[1] A novel analytical method was developed that permitted real-time, noninvasive measurements of microbial growth and associated changes in hydrodynamic properties in porous media under unsaturated flowing conditions. Salicylate-induced, lux gene-based bioluminescence was used to quantify the temporal and spatial development of colonization over a 7-day time course. Water contents were determined daily by measuring light transmission through the system. Hydraulic flow paths were determined daily by pulsing a bromophenol blue dye solution through the colonized region of the sand. Bacterial growth and accumulation had a significant impact on the hydraulic properties of the porous media. Microbial colonization caused localized drying within the colonized zone, with decreases in saturation approaching 50% of antecedent values, and a 25% lowering of the capillary fringe height. Flow was retarded within the colonized zone and diverted around it concurrent with the expansion of the colonized zone between days 3 and 6. The location of horizontal dispersion corresponded with the cell densities of 1-3 Â 10 9 cells g À1 dry sand. The apparent solute velocity through the colonized region was reduced from 0.41 cm min À1 (R 2 = 0.99) to 0.25 cm min À1 (R 2 = 0.99) by the sixth day of the experiment, associated with population densities that would occupy approximately 7% of the available pore space within the colonized region. Changes in the extent of colonization occurred over the course of the experiment, including upward migration against flow. The distribution of cells was not determined by water flow alone, but rather by a dynamic interaction between water flow and microbial growth. This experimental system provides rich data sets for the testing of conceptualizations expressed through numerical modeling. 
Introduction
[2] Microorganisms may significantly influence the fate and transport of many contaminants in the vadose zone, either directly, by utilization of contaminants as metabolic or cometabolic substrates, or indirectly, through microbialinduced modifications of their environment such as alterations in porosity, surface characteristics, pH, and redox [e.g., U.S. Department of Energy, 2001] . Thus the transport and growth of bacteria in subsurface environments is of great interest in the field of environmental protection. Many researchers have studied interactions of biology and hydrology in porous media under saturated flowing conditions. For example, saturated hydraulic conductivity is often reduced by several orders of magnitude because of biomass accumulation over time frames of days to weeks [Oberdorfer and Peterson, 1985; Seki et al., 1998; Taylor and Jaffe, 1990a; Taylor et al., 1990; Vandevivere, 1995; Vandevivere and Baveye, 1992a , 1992b , 1992c Wu et al., 1997; Blume et al., 2002] . Other studies in saturated systems have characterized changes in hydrodynamic dispersion due to bacterial growth [e.g., Taylor and Jaffe, 1990b; Bielefeldt et al., 2002] . In unsaturated systems, several studies have addressed the transport of bacteria [Jewett et al., 1999; Powelson and Mills, 1998; Schafer et al., 1998; Tan et al., 1992; Wan et al., 1994] and the biodegradation of model contaminants by bacteria [Allen- King et al., 1996; Estrella et al., 1993; Langner et al., 1998 ], but studies addressing the impact of microbial growth on the hydrologic properties of unsaturated porous media are lacking .
[3] Development of a novel method allowing direct, noninvasive measurement of microbial distribution as well as measurement of water content and solute transport in porous media under unsaturated flow conditions has been pursued over the past decade. This method merges two recently developed technologies: (1) the use of light transmission chambers to quantify pore water content and hydraulic flow paths [Glass et al., 1989; Selker et al., 1992; Tidwell and Glass, 1994; Schroth et al., 1995 Schroth et al., , 1998 Niemet and Selker, 2001; Niemet et al., 2002] and (2) the development of models that use florescence and bioluminescence to monitor colloidal and bacterial systems [Weisbrod et al., 2003; Yarwood et al., 2002] .
[4] The objective of this work was to combine light transmission and bioluminescence to noninvasively monitor the interacting and evolving patterns of microbial growth, water flow, and solute transport in unsaturated porous media.
Materials and Methods

Chamber, Associated Equipment, Bacterial Strain, and Growth Conditions
[5] The light transmission chamber (Figure 1 ), light detection system (charge-coupled device (CCD) camera, lens, and filtration), and fluid application system are described in detail elsewhere [Niemet and Selker, 2001; Yarwood et al., 2002] . In brief, the system consists of a pseudo-two-dimensional 45 Â 56 Â 1 cm glass-walled flow cell filled with siliceous sand as the porous medium. The two glass sheets are separated by a U-shaped aluminum spacer. The bottom of the spacer contains a drain port and an integral manifold topped with a fine-mesh stainless steel screen that allows for effluent outflow and control of the pressure head at the lower boundary of the chamber. Induction of bioluminescence provides for the observation of the spatial and temporal development of colonization, and light transmission provides for nearly simultaneous measurement of water contents and flow paths in the system. Digital CCD imaging is used to nondestructively monitor the system over time and provides an outstanding density of information at high spatial resolution (>225,000 discrete measurements over the experimental domain).
[6] The porous medium used in this work was a 40/ 50-mesh silica sand (Accusand [Schroth et al., 1996] and optical [Niemet and Selker, 2001] properties. Chamber and sand preparation and packing were carried out as described previously . The porosity of the sand pack was calculated to be 0.332, and the bulk density 1.78 g cm À3 .
[7] The bacterium used was the bioluminescent reporter strain Pseudomonas fluorescens HK44 [King et al., 1990] . HK44 carries the naphthalene-degradation plasmid pUTK21 modified with a nahG-luxCDABE transcriptional fusion and a tetracycline resistance marker. Exposure of HK44 to naphthalene or to its metabolite, salicylate, induces bioluminescence. The lux cassette insertion blocks expression of the downstream genes for salicylate degradation, preventing plasmid-mediated growth of HK44 on naphthalene or salicylate. HK44 is able to degrade salicylate via a pathway encoded by chromosomal genes [Matrubutham et al., 1997 ], but we found that salicylate is neither consumed nor supports growth of HK44 over 12 -20 hours after addition to glucose-grown cultures (data not shown). Earlier work in our laboratory developed a model relating HK44's inducible bioluminescence response to population density in a porous medium under hydrostatic nongrowth conditions [Uesugi et al., 2001] and during growth under unsaturatedflow conditions .
[8] The chamber was inoculated with 5 mL of a 5 Â 10 8 mL À1 suspension of HK44 at a depth of 15 cm below the sand surface. Influent solutions were applied via 11 equally spaced syringe needle drip emitters (Figure 1 ) controlled using a peristaltic pump. The flow rate per individual dripper was 28.69 ± 0.42 mL h À1 , giving an overall flow rate of 315.6 ± 4.6 mL h À1 . The basal medium was a nitratefree minimal mineral salts (MMS) containing the following (g L 
Data Collection and Analytical Methods 2.2.1. Water Saturation
[9] Transmission images of the chamber were made several times each day. Water content of the porous media was determined by the method of Niemet and Selker [2001] , where for 40/50 mesh Accusand 1 in this system the saturation (S) is given by
where I represents the image of interest and I s represents the saturated image. The volume of water resident within a region of image pixels is computed as
where V pix is the bulk volume of chamber space occupied by a pixel and n is the porosity.
[10] To verify that bacterial cells and their products did not cause significant light attenuation, the impact of cell suspensions on apparent saturation as determined by light transmission was investigated. A light-transmission chamber was packed with 40/50 mesh sand and the lower zeropressure boundary was set at about 1 cm above the lower edge of the sand pack. Under these conditions the capillary fringe rose to slightly below the vertical midpoint of the sand pack. The upper half remained unsaturated at a volumetric water content of about 0.12 cm 3 cm À3 . MMS medium was applied to the surface of the sand through 11 equally spaced drip emitters at a total flow rate of 315 mL h À1 . After allowing the system to approach equilibrium (no apparent change in capillary fringe height detected between images taken several minutes apart), a series of light transmission images was made. Next, the five rightmost drip emitters were switched to a solution of MMS containing HK44 at 1 Â 10 8 colony-forming units (CFU) mL
À1
, and the five leftmost drippers were switched to a solution of MMS containing HK44 at 1 Â 10 9 CFU mL À1 . Application of MMS alone was continued from the central dripper to provide a buffer strip that prevented mixing of the two cell solutions. Transmission images were obtained at 5-min intervals over a 3-hour period while the cell solutions moved through the system. Image analysis was carried out over four regions (76 Â 76 pixels) that each represented one of the experimental conditions (1 Â 10 8 CFU mL À1 , unsaturated; 1 Â 10 8 CFU mL
, saturated; 1 Â 10 9 CFU mL À1 , unsaturated; 1 Â 10 9 CFU mL À1 , saturated). In Figure 2 , left panel, the average value for the ratio of transmitted light in the presence of 1 Â 10 9 CFU mL À1 to transmitted light in the absence of cells for the 3-hour period (first 60 min shown) was 1.001 (SD 0.003) under unsatu- rated conditions and 0.994 (SD 0.006) under saturated conditions. For 1 Â 10 8 CFU mL À1 the mean ratio was 1.008 (SD 0.003) and 1.001 (SD 0.003) for unsaturated and saturated conditions, respectively. We concluded that cell solutions of 1 Â 10 9 CFU mL À1 had no significant impact on water content determination by the light transmission method in our system. The light transmission efficiency appears to be affected to a greater extent by loss at interfaces between liquid, solid, and air than by attenuation in the liquid phase.
[11] Cell densities measured in the sand at the conclusion of the experiments described here were higher than those used to determine the impact of cell solutions on the light transmission method for measuring water content. Therefore water content determined from gravimetric analysis of colonized sand samples was compared with water content measured by light transmission immediately prior to the end of each experiment. Results for two independent experiments are presented in Figure 2 , right panel. The values on the axes represent water saturation levels. The superimposed line represents a one-to-one correspondence. Cell density, determined by dilution plating, ranged from none detected to 9 Â 10 10 CFU mL À1 of pore water. The mean of the absolute values of the differences in saturation determined between the two methods for two independent experiments was 0.038 (95% CI 0.028 to 0.049) and 0.050 (95% CI 0.038 to 0.063), respectively. Given that some redistribution of water would be expected during the manipulations of sampling, this agreement is very good and further supports the use of light transmission in quantification of saturation in our experimental systems, even in the presence of high numbers of cells.
Flow Paths
[12] The flow paths along the centerline of the experiment were determined daily through observation of a dye tracer. The central feed dripper was switched for 20 min to a solution of MMS+Tet15+Glu250 supplemented with 0.01% (w/v) bromophenol blue dye. A concentration in the range of 0.001% (w/v) to 0.01% (w/v) was found suitable for detection, while concentrations <0.0001% or >0.1% were too low or too high, respectively, to clearly discern variations in light attenuation within the plume. Batch experiments revealed that the dye was not toxic to P. fluorescens HK44 at the concentrations used, and did not sorb to cells or to sand (data not shown). The progress of the dye plume through the chamber was monitored with a series of transmission images recorded at timed intervals. Imaging was continued until the dye plume cleared the chamber. Data are presented as the relative attenuation of light transmission compared to a control image without dye taken immediately prior to the start of the dye pulse. Summing of the light transmission data across the experimental domain for each series of dye images (for images in which the entire dye plume was within the chamber) revealed that mass was conserved (data not shown), showing that relative attenuation of light can be used as a surrogate for dye concentration in this system.
[13] The first and second spatial moments of the dye plumes as a function of time were computed using the method described by Rockhold et al. [1996] , as follows:
where
and A i represents the relative attenuation of transmitted light due to the presence of dye at location i. The first spatial moments (Mx, Mz) represent the location of the center of mass of the plume in the x (horizontal) and z (vertical) directions, and the second spatial moments (Mxx, Mzz) represent the spread of the plume about its center of mass. The values Mx = 0 and Mz = 0 represent the horizontal midpoint of the chamber and the upper surface of the sand, respectively.
Bioluminescence
[14] The salicylate-inducible bioluminescence response of HK44 was measured daily. The central feed dripper was switched to a solution of MMS+Tet15+Glu250 +Sal100, and the remaining drippers were switched to a solution of MMS+Tet15+Sal100. The salicylate amendment was maintained for 150 min after which the drippers were restored to the standard solutions. Under the conditions of this experiment, the total travel time to move from the sand surface to the effluent manifold was 135 min. Population density was quantified from HK44 bioluminescence as described by Yarwood et al. [2002] .
Image Analysis
[15] Digital image processing was performed using Transform 3.4 (Fortner Software LLC, Sterling, Virginia).
Additional Measurements
[16] Chamber effluent was analyzed for microbial biomass and glucose concentrations, and downstream dissolved oxygen concentrations were measured as described elsewhere Rockhold et al., 2006] . Results are described in detail by those authors and for the sake of brevity are not included here. At the end of the experiment, the entire chamber contents were destructively sampled according to a predetermined grid pattern and analyzed for biomass, total neutral polysaccharide, and gravimetric water content distributions. The central (25 Â 25 cm) region containing the colonized zone was divided into 100 (2.5 Â 2.5 Â 1 cm) portions. The remaining sand was sampled in 5 Â 5 Â 1 cm portions. Sand sampled from the colonized region appeared to be more cohesive compared with sand sampled from other portions of the chamber. Sand samples were extracted with MMS to remove cells. Biomass was quantified in dilutions of the sand extracts both by viable plate counts on half-strength TSB (tryptic soy broth) agar supplemented with tetracycline and by total protein (may include both viable and nonviable cells) analysis. Cell protein was measured using bicinchoninic acid (BCA) [Smith et al., 1985] with the Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, Illinois). Total neutral polysaccharide in the sand was determined using anthrone [Brink et al., 1960] . For gravimetric analysis of water contents, sand samples were oven dried at 50°C to constant weight.
[17] Air-liquid interfacial tensions were measured using a DuNoüy ring-tensiometer (CSC Scientific Co., Fairfax, Virginia). Measurements were made on influent solutions, deionized water, and chamber effluent samples, and also on HK44 cell suspensions grown overnight in MMS supplemented with 1 g L À1 glucose. The overnight culture was either serially diluted into MMS, or the cells were pelleted by centrifugation, washed, then resuspended and diluted in MMS. In the first case, the samples contained a portion of the spent growth medium along with cells, while in the latter case the samples included cells only. Cell densities were determined from plate counts.
[18] Water release curves were determined for both uncolonized and HK44-colonized sand using Tempe cells (Soil Measurement Systems, Tucson, Arizona) with hanging water columns. Clean sand was rinsed with distilled water and oven dried before use. The cell density of colonized sand was 1.2 Â 10 9 CFU g À1 dry sand (equivalent to 0.32 mg dry cells g À1 dry sand). The colonized sand was gently dried at 50°C and homogenized before use. After packing, the sand samples were saturated with distilled water through the hanging column. Different water potential values were then imposed by incremental lowering of the column outlet, and the mass of drained water was measured for each potential value.
Results
Development of Colonization
[19] The spatial and temporal development of colonization was monitored by imaging HK44 bioluminescence in response to daily additions of salicylate. These results are discussed in detail elsewhere . Figure 3 shows the spatial extent of the colonized region and the model-predicted population density (CFU g À1 dry sand) from day 2 to day 7 of the experiment. The colonized region expanded from the 16 cm 2 inoculation zone on day 1 (not shown) to 225 cm 2 on day 7. Expansion was primarily lateral and downward, but upward expansion also occurred. This is especially evident between days 5 and 7 where a finger of colonization can be seen to migrate over 3 cm upward against flow. On day 2, suspended bacteria transported in the downward flow were clearly visible as a ''plume'' of bioluminescence in the water-saturated region below the colonized zone. On subsequent days, light emission was detected only in the unsaturated region. However, bioluminescence was observed in the effluent upon its exposure to air as it exited the chamber. Bacteria were detected in the effluent throughout the course of the experiment Rockhold et al., 2006] .
[20] The development of the dark interior region of the colony by day 4 was not a result of loss of cells, but rather was due to oxygen depletion. The bioluminescence reaction requires molecular oxygen [e.g., Hastings and Nealson, 1977; Neilson et al., 1999] . As we reported elsewhere Rockhold et al., 2006] , downstream dissolved oxygen was depleted directly below the colony, declining to less than 2 mg L À1 in the first 24 hours. The zone of oxygen depletion expanded outward with time, in parallel with the expansion of the colonized zone. Plate counts and protein measurements made at the end of the experiment revealed that sufficient numbers of viable cells existed in the dark region to have produced a strong bioluminescence response. The stability of the bioluminescent phenotype was verified by observation of light emission after exposing the plated colonies to naphthalene vapors .
Impact of Growth on Hydraulic Properties
[21] We made two noteworthy observations of hydraulic property changes in association with microbial growth (Figure 4 ): Over the time course of the experiment, the height of the capillary fringe dropped by about 5 cm, and a localized zone of desaturation developed in the vicinity of the colony. The colonized region extends from a depth of about 9 cm to a depth of about 26 cm. There was little change in the water content in the sectors above or below the colonized region. On the other hand, large changes occurred in the water content within the colony, ranging from 10% to over 50% (midpoint depth, change in mean water content; 13.75, 10%; 16.25, 20%; 18.75, 42%; 21.25, 54%; 23.75, 27%) for a vertical transect of 2.5 Â 2.5 sectors along the midline of the chamber through the colony. Although the vertical banding that appears in the upper, unsaturated, portion of the chamber implies lower water content of the sand, it was not due to microbial growth. The effect was immediately apparent upon initial drainage of the chamber, and did not change over the duration of the experiment. It was possibly due to hysteresis in the water retention characteristics of the sand that resulted from draining the initially saturated chamber at a faster rate than the infiltration rate at the upper surface of the chamber.
[22] The interaction of biomass accumulation with the hydraulic and transport properties of the porous medium was evaluated by the periodic addition of a 0.01% (w/v) bromophenol blue dye solution through the center dripper. By day 3, the permeability of the colonized area was reduced enough to distinctly alter the flow of the dye plume relative to that observed 1 day after the inoculation ( Figure 5 ). The analysis of spatial moments ( Figure 6 ) shows a reduction in the effective solute velocity (obstruction effect) through the center of the colonized region (M z ). Regression analysis revealed that the apparent solute velocity through the colonized region was reduced by 40% during the first 6 days of the experiment (day, cm min À1 , R (Figure 6 ) it can be seen from the population density contours that the zone where horizontal dispersion became visibly evident corresponded with cell densities between 1 and 3 Â 10 9 cells g À1 dry sand. Despite the continued expansion of the colonized region between days 3 and 6 the horizontal dispersion still occurred consistently in zones where cell densities had reached 1 -3 Â 10 9 cells g À1 dry sand.
Total Neutral Polysaccharide and Biomass
[23] At the end of the experiment, the chamber contents were destructively sampled and analyzed for biomass protein, total neutral polysaccharide, and gravimetric water content distributions (Table 1) . Neutral polysaccharide was strongly correlated with protein (r = 0.96), but the ratio of neutral polysaccharide to protein was not correlated with depth or with moisture content. The mean of the ratio was 0.36 (95%CI 0.26 to 0.45). The minimum and maximum ratios were 0.060 and 0.73, respectively.
Sand-Moisture Retention 3.4.1. Water Release Curves
[24] Water-release curves were determined for both clean and biomass-affected 40/50 sand using Tempe cells and hanging water columns. The biomass-affected sand showed considerable change in water retention, with air entry occurring by À15 cm in the inoculated material, while requiring À22 cm tension in the pristine media (data not shown [see Rockhold et al., 2006] ).
Surface Tension
[25] Air-liquid interfacial tensions were measured on distilled water, influent solutions, chamber effluent samples, and also on HK44 cell suspensions. Influent and effluent samples were obtained during a subsequent chamber experiment run under the same conditions as the experiment presented here. A similar lowering of the capillary fringe and drying behavior in the colonized region was observed in that experiment (data not shown). No significant differences were found between the surface tensions of chamber effluent and influent or water (data not shown [see Rockhold et al., 2006] ). No trends were observed for surface tension measurements made on MMS suspensions of washed cells. There was a trend observed for a lowering of the surface tensions of P. fluorescens HK44 cell suspensions in increasing proportions of spent growth medium; however, the magnitude of the differences was less than 1 dyne cm À1 over a 3-order-of-magnitude increase in cell concentration, and they did not differ appreciably from the MMS control.
Discussion
Development of Colonization
[26] Significant changes in the extent of colonization occurred over the course of the experiment, including definite upward migration against flow. This is particularly interesting because the upward migration against flow cannot be explained by passive transport. We hypothesize that the distribution of cells was not determined by water flow alone, but rather by a dynamic interaction between flow and microbial activity. As cell densities increased, water flow through the colonized region was retarded and redirected laterally around it. The growth substrate, glucose, was applied through the central dripper only. Despite this, areal expansion of the colonized region was relatively constant (about 35 cm 2 d À1 ), implying that a significant percentage of substrate flow was being diverted. HK44 is a motile organism, and there would be pressure to remain motile because of the gradients of substrate and oxygen that developed in the upper highly active zone of the colony. The observed upward migration against flow was likely a response to the gradient in glucose and oxygen. Lawrence et al. [1987] observed similar behavior of P. fluorescens during colonization of flow cells. The lateral spread of colonization also may have been driven by movement of HK44 in response to glucose and oxygen gradients that developed as water flow was diverted around the colonized region. Alternatively, much of the lateral increase in the colonized region can be explained by passive redistribution with the water flow, as cells that were dispersed from the upper colonized zone reattached elsewhere. The central observation in either case was that the change in direction of flow was caused by the activities of the organisms themselves.
[27] As we reported elsewhere , high numbers of viable cells remained associated with the sand from the interior of the colony where glucose and oxygen presumably were limited. Some researchers have reported that nutrient depletion can lead to detachment of cells [Allison et al., 1998 ]. Data presented in this work show that vertical flow was still occurring through the older colonized zone. Although it is unlikely that glucose was penetrating to the older colonized area, flow might permit cryptic growth in this region due to lysed cells or soluble extracellular products continuing to move in the flow. However, the high numbers of cells retained in the interior of the colonized zone also may be explained by the desaturation phenomenon that was observed. Over the past decade, researchers have become increasingly aware of the role of air-water interfaces in microbial transport in unsaturated systems Mills, 1996, 1998; Schafer et al., 1998; Wan et al., 1994; Jewett et al., 1999] . Bacteria tend to accumulate at air-water interfaces, and the retention of bacteria in porous media is proportional to the fraction of air-occupied pore space. Trapping of bacteria at air-water interfaces is an important process that may control bacterial transport in unsaturated soils. As the interior of the colonized zone desaturated, more air-liquid interfacial area was created, possibly leading to increased immobilization of cells.
Impact of Growth on Hydraulic Properties
[28] This work revealed that bacterial growth and accumulation had a significant impact on the water retention of unsaturated homogeneous porous media. Microbial colonization caused apparent drying within the colonized zone with localized decreases in saturation approaching 50%, most notably during days 3 -7, giving rise to partial diversion of flow around the colonized zone. As well, a lowering of the capillary fringe was noted during days 1 -4, an occurrence we have not typically observed in work with uncolonized flow systems. In the last 3 days, the height seemed to stabilize at about 25 cm.
[29] Generally, changes in the hydraulic properties of porous media due to microbial growth have been attributed to physical clogging due to accumulation of cells [e.g., Baveye and Valocchi, 1989; Taylor and Jaffe, 1990a; Vandevivere, 1995; Vandevivere and Baveye, 1992b, 1992c; Wu et al., 1997] , production of capsule (extracellular polymers) [e.g., Vandevivere and Baveye, 1992a] , microbially generated gases [Oberdorfer and Peterson, 1985; Seki et al., 1998 ], or microbially induced changes in the chemical properties of the liquid or solid phases of the media .
Physical Clogging due to Microbial Growth
[30] Two central conceptualizations of the pore-scale pattern of bacterial growth and accumulation that leads to clogging of porous media are represented in the literature [Baveye and Valocchi, 1989] : Bacteria are thought to accumulate in a continuous biofilm that uniformly coats the pore walls [e.g., Taylor and Jaffe, 1990a] , or bacteria are thought to accumulate as discrete microcolonies that may block pore constrictions [e.g., Vandevivere and Baveye, 1992c] .
[31] Microscopic observation of HK44 liquid cultures revealed that an average cell was 0.8 m in diameter by 2.4 m long (data not shown). Employing a conservative estimate of 1 m by 3 m, a cell occupies a volume of about 2 Â 10 À12 cm 3 (excluding capsule). Given the observed sand pack porosity of 0.332 and bulk density of 1.78, each gram of sand contained 0.19 cm 3 of pore space, so an estimated 1 Â 10 11 cells g À1 dry sand would be required to completely fill the pore volume. The highest population density measured in this experiment was 6.1 Â 10 9 cells g À1 dry sand, and would occupy less than 7% of the available pore space. Indeed, our data show that population densities between 1 and 3 Â 10 9 cells g À1 dry sand were sufficient to cause the hydraulic changes we observed. However, if the cell distribution within the sampled volume was highly skewed, it is possible that some proportion of critical pore necks could have been filled. In sand-column experiments, Vandevivere and Baveye [1992b, 1992c] used electron microscopy to show that Arthrobacter sp. formed large discontinuous cell aggregates within pore spaces. These aggregates only contacted the solid surfaces at a few points. They observed 3-to 4-order-of-magnitude decreases in saturated hydraulic conductivity and attributed this to the blocking of pore necks by cell aggregates. Interestingly, the volume of cells associated with these decreases in conductivity was equivalent to only about 7% of the available pore space [Vandevivere and Baveye, 1992b, 1992c] , which is similar to our observation. With this said, we do not believe that permeability limitations were central to the patterns of flow observed in our study. In the work of Vandevivere and Baveye [1992b, 1992c] saturated soils were evaluated, whereas in our work the material was only partially saturated even in the highest population zones. Had permeability become limiting, water would be expected to back up, yielding greater saturation, and access to larger pores to conduct flow. Numerical simulations have been conducted to verify this qualitative observation, and are the subject of a manuscript currently in press [Rockhold et al., 2006] .
Production of Capsule
[32] Soil microbes are often surrounded by a layer of extracellular polymeric substances (EPS), consisting largely of polysaccharides [e.g., Chenu, 1995] . Vandevivere and Kirchman [1993] found that attachment to sand enhanced exopolysaccharide synthesis for several strains of pseudomonads tested, and Vandevivere and Baveye [1992a] concluded that extracellular polysaccharide obstructed water flow under conditions where cell densities per se were lower than would be expected. On the other hand, in other work, Vandevivere and Baveye [1992c] found that production of EPS was not necessary for inducing severe bacterial clogging, and EPS only appeared to be produced and cause additional reduction in conductivity when growth substrate C:N ratios were high (carbon in great excess to growth requirements). When C:N ratios were lower than 39, EPS was absent from the clogged layers.
[33] It did not appear that HK44 produced large quantities of EPS under the conditions of this experiment. Carbon was the limiting nutrient in the growth media used in this experiment, and the molar C:N ratio of the growth media was 0.074. The mean ratio of neutral polysaccharide to cell protein (for HK44, protein was 55% of cell dry weight) was 0.36 mg mg À1 (SD 0.22) and the maximum ratio was 0.73. In contrast, Vandevivere and Kirchman [1993] observed ratios of 4.6 ± 0.9 mg mg À1 for attached EPS-producing cells growing in a sand matrix while ratios for unattached cells in the same experiment remained close to 1.0.
Production of Gas
[34] Seki et al. [1998] observed that methane produced by bacteria growing on glucose in a saturated flowing system contributed significantly to a reduction of hydraulic conductivity. Similar observations were reported for production of nitrogen gases by denitrifiers [Oberdorfer and Peterson, 1985] , and the general process of gas reduction of permeability has long been noted in saturated systems [Gardescu, 1930; Fry et al., 1997] . These gases, produced as byproducts of fermentation and anaerobic respiration, are poorly water soluble. Because HK44 is capable of denitrification (data not shown), we used nitrate-free media so that only aerobic growth would occur. Carbon dioxide, a byproduct of aerobic respiration, is relatively soluble in water. Furthermore, in the unsaturated system described here, assuming a continuous gas path to the atmosphere, gas production should not impact conductivity.
Microbially Induced Changes in Surface Tension or Contact Angle
[35] Decreases in liquid retention as a result of reduced air-water surface tension from biosurfactants generated through microbial colonization are consistent with the observed lowering of the capillary fringe and with the reduction of air-entry pressure. Many articles address microbially produced surface-active compounds (see reviews by Neu [1996] , Desai and Banat [1997] , Lang [2002] , and Rockhold et al. [2004] ) that have the potential to change the air-liquid interfacial tensions or to modify the solid-liquid contact angle. Bacterial cells themselves, by virtue of their surface characteristics, might also modify either of these parameters. Our experiments did not reveal any significant differences between the surface tensions of chamber effluent samples over the time course of a similar experiment. The approximately 1 dyne cm À1 maximum reduction in surface tension we found is about an order of magnitude less than would be required to cause the 5 cm lowering of the capillary fringe that we observed. Nonetheless, at its greatest extent the colonized region represented only about 10% of the total experimental volume and any surface-active compounds released into the media would be significantly diluted by mixing with flow from the uncolonized portion of the chamber by the time they reached the effluent. Moreover, if such compounds were produced but became sorbed to the sand or to air-water interfaces, effluent concentrations could be even lower. The capillary fringe effect we observed is consistent with a recent observation of the spreading of colloidal particles across the top of the capillary fringe during vertical displacement [Weisbrod et al., 2003] . Coating of the sand grains with cells might render them more hydrophobic relative to uncoated sand. This mechanism is supported by our water-release experiments, where air entry occurred in colonized sand at a reduced suction compared with the untreated sand, indicating that the biomass-affected sand held water less tightly than clean sand.
[36] A novel experimental system is described which allowed for the joint, nondestructive observation of flow, water content, and microbial distribution. It is apparent from these experiments that the hydrology and biology of unsat-urated systems are strongly interdependent. While we remain far from predictive understanding, further investigations which combine these techniques with quantitative modeling offer a potent approach to the greater understanding of these complex, ubiquitous systems.
